Abstract-In the networked control system with random time delay in forward and feedback channels, a kind of controller based on Smith compensator and signal neuron incomplete differential forward PID is presented. First, using root locus method and simulink simulation software, the influences of network's time delay on the system stability and dynamic performance are analyzed. Then, combined with incomplete differential forward PID control algorithm, Smith compensation model is established. Compared with existing Smith compensator, the proposed control model is easy to be implemented, and can also get better control performance in the case of miss-matching compensator model. Finally, the simulation research on a DC motor is done, and the simulation results show the effectiveness of the proposed method.
I. INTRODUCTION
With the extensive application of large-scale control system, the networked control system (NCS) has been concerned by many researchers. In these networked control system, the communication among controllers, sensors and actuators is performed through the networks. In comparison with the traditional control, it has the characteristics of resources sharing, high reliability, low cost, easy to maintain and extend. However, since the carrying capacity of the network and communication bandwidth is fixed and limited, this will inevitably lead to the collision and retransmission of information, which causes the network-induced delay in the process of information transmission. The network-induced delay makes real-time capability of the system become worse, even leads to system instability. At present, for the random network-induced delay, two main research methods are adopted in NCS design, the deterministic method and the stochastic method. The deterministic method is to convert the random delay to fixed delay by introducing data buffer, then use the existing method to design the controller [1] [2] . However, this approach artificially extends the random delay of the controller, and lowers the system control performance. The stochastic method is directed by the random discrete time model. Nilsson discusses LQG optimal controller's design within the framework of discrete control system in which the independent random delay is less than a sampling period and its time delay obeys Markov distribution [3] , but this method must know the probability characteristics of time delay in advance, including mean, variance and other properties. The amount of computation is so large that it is not easy to achieve. Hu proposes the use of stochastic optimal control and optimal state estimation methods [4] , the method is mainly used in the occasions when time delay is more than one sample period. Bauer uses Smith predictor to compensate time delay in the networked control system, the control structure is simple, but it is necessary to know the exact value of the network delay in advance [5] .
The rest of the paper is organized as follows. In Section 2, we present the system structure of NCS, and analyze the influence of network-induced delay on the system stability and dynamic performance. Section 3 presents a design method of NCS based on Smith compensator and single neuron incomplete differential forward PID controller. Section 4 gives the simulation results aiming at the model of DC motor, and the results shows the effectiveness of proposed method. Finally, a brief summary are discussed in Section 5.
II. SYSTEM DESCRIPTION

A. System Structure
The basic structure of the networked control system is shown in Figure 1 . The controller, actuator and sensor transmit data over the network, so there are essentially The transfer function of the closed-loop system shown in Figure 2 can be expressed as follows: In order to analyze the closed-loop control system with the effects of network delay, a typical approach is to use a rational function to approximate the delays. The function is as follows [6] . 
where τ may be
Because the primary branches of the root locus of control system usually contain the dominant eigenvalues of the system, this approximation is adequate for practical applications.
B. System Stability Analysis
In this paper, we use a DC motor as controlled object to analyze the system stability, the transfer function of the controlled plant is expressed as follows [7] :
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The controller uses PID control, the transfer function expressed as follows:
Where, P K , d T and i T are the proportional gain, differential time constant and integral time constant, respectively.
We use the formula (1) to (4) 
Seen from the formula (5), with τ changing from 0 to positive infinity, the system increases four-fold openloop negative real poles which are from negative infinity to 0. The existence of the poles enhances the system order, changes the distribution of the root locus in the real axis and shifts the root locus to the right, which is disadvantageous to the stability of the system. Seen from Figure 3 , with the time delay changing, the system stability region changes with the delay, the greater the delay is, the smaller the system stability region becomes.
C. Dynamic Performance Analysis of System
From the upper sub-section, we know the stable region decreases with the increase of time delay. In the section, we will analyze the influence of random time delay on the performance of networked control systems in Simulink. The simulation model is shown as Figure 4 , the parameter is set as follows: the input signal is 50rad/s, sampling period is 10ms, the selected control algorithm is formula (4), the model of the controlled object is formula (3), the time delay obeys uniform distribution which is simulated by the producer of Gauss random number and network delay module. Under the function of typically input signal, the performance criteria which reflect the time response of control system are composed of two parts: static performance criterion and dynamic performance criterion. We choose the mean square errors MSE , overshoot P M and adjusting time s t to reflect the tracking error, control accuracy, stability and rapidity of the response of the control system. The performance cost function is as follows [8] :
,
Where,
MSE represents the mean square error of system, ( ) When the system has no time delay, we get the step response curve of the system by the execution of simulation model of Figure 4 , and get the nominal value of MSE , P M and s t by the computation. Their nominal value is as follows: Seen from Figure 5 , the time delay could lower the stability and dynamic performance of system. If 12s τ < , the control accuracy becomes lower a little, but the system still has the better stability and dynamic performance. If 12s τ ≥
, the dynamic performance of system becomes poor, and the stability and control accuracy also becomes poor. If the time delay reaches 40s , the system becomes instable. In the following section, we will improve the performance of networked control system by introducing Smith compensator and single neuron incomplete differentiation on the basis of classical PID control.
III. SMITH COMPENSATOR AND SIGNLE NEURON INCOMPLE DIFFERENTIAL FORWARD PID CONTROLLER
A. The Principle of Smith Compensator
The control system model with Smith compensator is shown as Figure 6 . is the compensator function which is introduced by Smith compensator. Then the closed-loop transfer function is expressed as the following: 
When the system satisfies ( )
the formula (9) is simplified and gets the following relation:
Its characteristic equation is expressed as the following:
The formula (11) doesn't include pure time delay, so Smith compensator eliminates the influence of pure time delay on the system stability which could makes the control system instable.
B. System Structure of NCS
Smith compensator as a control algorithm is commonly used in the system with time delay. To reduce the influence of time delay on networked control system performance, Smith compensator has been introduced into the networked control system, and the networked control system with Smith compensator is shown as Figure 7 . Figure 7 . The structure of networked control system with Smith compensator
In Figure 7 
In the case, the networked control system could be simplified to Figure 8 . Known from this Figure, when mathematical model of the object is exact there is no longer process of pure time delay in the closed-loop circuit after using Smith compensator, thus the delay no longer affects the characteristic equation of system. Compared with control system with no network-induced delay, it is actually a control system which postpones time delay ca τ . For this reason, after adding Smith compensator, the control quality will be improved and the stability of system can be ensured. 
C. Related Research of Smith Compensator
Since the Smith compensator is based on the accurate mathematical model of controlled object and network delay, random network-induced delay and disturbances make the model with Smith compensator mismatches with controlled object.
Owing to the upper reasons, it is difficult to get better effect to compensate network delay only utilizing Smith compensator. In order to overcome the impacts of those factors, it is necessary to introduce effective means of control. Some researchers present many improved methods including two aspects of structural improvement [9] and parameter tuning [10] .
In order to make Smith Predictor applied to network control system and achieve the satisfied control effect, Du Feng presents two kinds of new Smiths compensator. One is to design the double dynamic Smith compensator of the pure time delay of controlled object and network delay. The structure doesn't need to measure, predictor and identify the time delay online, and adapt to the networked system with random, time-varying, uncertain time delay [11] ; the other is to bring the pure time delay of the controlled object and the time delay between the controller and actuator in the forward path out of the closed-loop controlled circuit, and eliminate the time delay between the transducer and actuator of feedback control loops completely. Then we needn't schedule feedback channel to adjust network flow so that the network bandwidth can be utilized effectively, and the robustness of system to the packet loss is raised in the feedback control loops [12] .
Sujuan Wang, etc. regard the network and controlled object as a time-varying controlled system, estimate the time-delay of system using fading memory LSM and do the compensation by Smith compensator. By combing immune feedback control with PI control, they get fuzzy immune PI controller which can adjust the parameter of the PI controller according to the change of controlling amount, and achieve the intention to overcome the control error caused by the error of time delay's estimation [13] [14] .
Aiming at the networked systems with long time delay, Huiying Chen, etc. combine Smith compensator and T-S fuzzy model, and get PI controller with Smith compensator aiming at the networked systems with long time delay. The approach makes the closed-loop system obtain better stability and robustness [15] .
Peng Chen, etc. construct an adaptive Smith compensator which is used to compensate the long time delay of NCS based on IP network by adding a firstorder filter on the feedback loop. This approach eliminates the negative effects caused by time delay efficiently and gets the better robustness [16] [17] .
Reiquan Lin, etc. give a design method of neuron adaptive controller based on Smith compensator. They study its application in the electric heating furnace by simulation method, and prove that this controller could efficiently makes up the deficiency of poor robustness and poor anti-jamming of the conventional Smith compensator [18] [19] .
As a basic unit of neural networks, neuron has the selflearning ability and adaptability. The algorithm of this control system that is constructed with neuron is simple, easy to realize, and has better robustness. Besides, the most prominent characteristic is that the system doesn't need accurate identification of the controlled object, and the structure and parameter of controlled object. So the design of single neuron adaptive controller doesn't need system modeling. Considering these characteristic of single neuron, we presents a incomplete differential forward PID algorithm based on Single Neuron, and apply it to Smith compensator so as to compromise the easy implement and the control performance of the existing Smith compensator.
D. Single neuron incomplete differential forward PID
The single neuron model is shown as Figure 9 . The single neuron is an information processing cell with many inputs and single output. 1 x , 2 x , … , n x are the inputs of neuron, and 1 ω , 2 ω ,…, 3 ω are respective weight value of the input 1 x , 2 x , … , n x . θ is the threshold of neuron, [ ] f ⋅ is excitation function, and P y is the output of neuron. The P y can be expressed as the following formula: Figure 9 . Model of single neuron The single neuron model has been applied to PID control systems. Figure 10 is the model structure of single neuron PID control systems. 
1 ω , 2 ω , and 3 ω are respectively the weight value of the input 1 x , 2 x , and 3 x . Supposed that the proportional coefficient is K , and 0 K > , then the output of the controller can be expressed as follows:
In the control algorithm of single neuron, the coefficient K reflects the adjusting amplitude. Generally, if the error is bigger, the adjusting amplitude is also bigger so as to satisfy the requirement of rapidity of the system; if the error is smaller, the adjusting amplitude is also smaller so as to satisfy the requirement of stability of the system.
We use Delta learning rule as the learning method of weight value, and it can be expressed as the following : Single neuron PID control method implements the adapting control of system by adjusting the weight coefficient. In order to ensure the convergence and robustness of learning method, we normalize the formula (16) and (17), and get the following the expression: 
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Where P η , I η and D η are respectively proportion, integration and differentiation coefficient.
The single neuron PID controller improves the traditional PID controller, and overcomes the sensitivity to parameter change of traditional PID control. It has better learning ability and easily ensures real-time capability [20] . In addition, the system can get better control effect under the occasions of mismatching object model.
The differentiation item is sensitive to the change of input value and the random disturbance, but the incomplete differential forward PID controller can improve the deficiency.
The incomplete differential forward PID only differentiates to the feedback value, and adds a one-order filter, so the change of input value doesn't affect the controller, and the change of output value doesn't produce a very large control value. So we can combine the merit of single neuron and incomplete differential forward PID, and design the single neuron incomplete differential forward PID controller.
The model of single neuron incomplete differential forward PID control is shown in Figure 11 . Since we use the incomplete differential, 1 x , 2 x and 3 x should satisfy the following relation: (18)- (20) .
The neuron controller uses incremental algorithms, so the relation of differential time constant and new learning algorithm satisfied:
In this paper, single neuron control and incomplete differential forward PID control which are widely applied in actual control are introduced into the control system with Smith compensator so as to improve the robustness of the controller.
IV. SIMULATION
To verify the effectiveness of the method, we use a DC motor as the controlled object to simulate in Matlab/Simulink environment. The sampling period T=10ms, the reference input r=50rad/s, the network delay in forward and feedback channel is produced by gauss random generator in Simulink toolbox. The initial value of neuron weighting 1 Figure 12 to Figure  14 . The simulation results show that, when the delay is small all of the algorithm can achieve stable control performance.
With the increase of delay, the control effect of these methods differs significantly. In the case of simple PID control, there is obvious oscillation in the response curve.
The system reaches the stable state, but the response time becomes longer, the rapidity becomes lower, and the overshoot becomes bigger. However, the other two methods still quickly reaches stable, and the rapidity of the response are not affected by the delay. This proves the validity of Smith compensator.
When the model of Smith compensator does not fully match with the object model, Simple PID control system has serious oscillation, and doesn't reach stable state in the simulation time. PID control system with Smith compensator reaches stable state, but the response time is longer, and has small oscillation. But model mismatch makes no great difference to the single neuron incomplete differential forward PID with Smith compensator. This shows the validity of proposed method.
V. CONCLUSION
By combing Smith compensator with single neuron incomplete differential forward PID algorithm, the static and dynamic performances of the networked control systems are improved. The proposed method is easy to be implemented, and the simulation results show that the method could get better control effect than conventional Smith compensator.
